A TV-type X-ray detector using a SIT vidicon has been used for biological diffraction studies at the EMBL outstation at DESY, Hamburg, Germany. The detector converts the two-dimensional diffraction pattern to a charge pattern on the vidicon target, which is read out in the slow-scan mode. This detector has high DQE, no count-rate limit, and is simple and inexpensive to construct. Radiation from the storage ring DORIS was used to study the structure of live muscle at various phases of contraction. Typically the "count-rate" on the detector was 106 X-rays/sec and a total exposure of a few seconds was needed to record the weak diffraction from muscle. This compares with usual exposure times of several hours using a rotating anode generator and film.
Introduction
X-ray diffraction may be used to probe the molecular structure of matter. It has significant technical advantages over other ultrastructural probes, in particular that the specimen can remain in its natural state and that the diffraction pattern indicates the instantaneous state of the specimen. It is therefore possible with X-ray diffraction to study a process as it proceeds in time, for example shock-induced crystal structure transformation or the contraction of muscle. Studies of this sort on inorganic materials have been possible for many years,1'2 but dynamic diffraction from biological structures is still in the early stages of its development. The difficulty with biological studies stems from the low scattering power of the specimens. The fact that the time scale is much longer than in inorganic systems (milliseconds rather than microseconds) has not been an advantage, because it is not possible to sufficiently increase the pulse width from flash X-ray generators.
Two recent technological developments have changed the outlook for rapid diffraction studies of biological structures. The first is the utilization of synchrotron radiation from electron storage rings to produce a more intense beam of X-rays. The second is the availability of area X-ray detectors which can record diffraction patterns 10 to 100 times faster than film. I will describe here the use of one of these detectors, developed at Princeton University, with synchrotron radiation from the storage ring DORIS in Hamburg, Germany. The work was primarily devoted to the study of muscle structure, but the apparatus is suitable for rapid diffraction analysis of any material, inorganic,organic or biological. Table 1 gives some numerical characteristics of a typical biological diffraction pattern. The diffraction pattern may be briefly described as two-dimensional, having a total intensity of about 10-of the incident beam, and containing a few dozen information carrying reflections with intensities 10-6 to 10-8 of the incident beam. Thus, although the count-rate in the entire diffraction pattern is relatively high, (e.g. 106 X-rays/sec) the intensity in the interesting reflections is low (e.g. 102 X-ray/sec). Since the time *Department of Physics, Princeton University Princeton, New Jersey 08540 resolution desired, for instance, in the study of muscle structure is a few milliseconds, it is clear that not even currently available synchrotron radiation sources are adequate.
Synchrotron radiation sources
When an electron is accelerated in a circle at a relativistic velocity it emits copious amounts of radiation. In space, this radiation lies in a narrow wedge in the plane of the orbit. The energy spectrum is broad, with a peak near a wavelength X 3.R/y3 (1) where R is the bending radius of the instantaneous orbit of the electron and y is the ratio of the electrons energy to its rest energy:
The total X-ray output per mA of beam current and mrad of orbit in a bandwidth AS near A is given approximately by the formula
where E is the energy of the electron in GeV. (For more details on synchrotron radiation see references3,
High energy electron-positron storage rings are used by particle physicists to study the nature of matter at very small dimensions. In several laboratories around the world, scientists have built the apparatus necessary to utilize the synchrotron radiation produced as a byproduct of this work. In particular, the Stanford Synchrotron Radiation Laboratory (SSRL) in Stanford and the European Molecular Biology Laboratory Outstation (ENIBL) in Hamburg, Germany have facilities for research in the X-ray region. Because of the shielding around the ring, it is impossible to put a specimen close to the source point. At a distance of 20 meters from the DORIS source, the radiation from 1 mrad of orbit forms a beam 20mm wide and 8mm high. Biological specimens are often only 2mm wide and 0.2mm high, so it is necessary to focus the beam before using it. Most experiments cannot use the entire spectrum in the beam, so monochromatization is also necessary. Glancing-incidence mirrors and crystal monochromators are used in a variety of optical arrangements to produce a useful beam. The design of these systems is still a very active field of research. Current designs are based on those used with X-ray generators, which have entirely different sources of unwanted scatter, so there is still considerable work to be done.
One of the optical systems used at EMBL is shown in Fig. 1 
Detectors
An area X-ray detector must record the location in two dimensions of each incident X-ray. There are two basic approaches to implementing such a detector:
1. Note the arrival of each X-ray; compute the location of the event; make a digital record of it.
2. Prepare a two-dimensional surface in a known state; arrange that each incident X-ray makes a significant change in some analog quantity on the surface in an area corresponding to the location of the X-ray; after suitable exposure, read out the entire surface and record digitally the dose in each small area.
The first scheme is a counter; the second uses intermediate analog integration. In principle both methods work and can be realized with equally good characteristics. However, the very principle of operation of each points to an inherent weakness. In the case of the counter, each X-ray must be processed as it arrives. This takes time; any circuitry common to all elements of the detector will impose a limit on the maximum count-rate. In the case of the analog detector, the contribution of each X-ray to the integrator must be greater than the noise introduced by the analog readout. The very presence of analog processing makes careful analysis of overall measurement accuracy essential.
The gas-filled multiwire proportional counter5,6 is the best counter-type area detector available. It has only one major defect: beyond 105 to 106 counts per second (over the entire detector) present models can no longer process the incoming quanta fast enough. It is possible to build a faster counter, but the cost and complexity of the device increase rapidly as the speed is increased. Many experiments already produce 106 Xrays/sec in the diffraction pattern, and, with the higher intensity to be available at NSLS in a few years, count-rates of 108 X-rays/sec will not be uncommon, so it is not likely that counters will be able to handle high rate experiments. This certainly does not mean that counter-type area detectors will have no place at synchrotron facilities. Some experiments, particularly those with very small samples, will produce only moderate rates. Others will require detector performance that can be provided only by a counter, such as high spatial resolution (e.g. 1000 by 1000 elements), high time resolution (e.g. IpS) or high accuracy (e.g. 0.01%) In practice, the last condition has been the most difficult to fulfill.
SIT detector Figure 3 shows schematically the silicon intensified target (SIT) vidicon detector constructed at Princeton and used at DORIS for diffraction experiments. A thin (20mg/cm2) ZnS(Ag) screen converts incident X-rays to light. The light is collected and guided by fiber optics to the vidicon faceplate. All electro-optical functions are combined into one device, the RCA C21145 SIT vidicon. In this device photoelectrons emitted by the photocathode are accelerated by a 10 kV potential and strike a mosaic silicon target. Each produces about 1000 carriers which are stored on the target diodes. The vidicon controller is patterned after those designed by astronomers for integrating observation systems.9'10 The details of construction are similar to those described in reference8. Its essential features are:
3. Slow-scan readout to reduce the bandwith and thus the noise in the video signal.
The camera is operated directly by an on-line minicomputer. For each readout (frame) about 64000 (256 by 256) 12 bit numbers (pixels) are recorded on the computer disk. Complete software control allows one to simply store the data on disk, or to add or subtract the incoming data to the data already stored there.
The entire system is operated as follows to record one frame of data:
1. Wash--The target is exposed to a bright light (placed behind the vidicon) to completely discharge it.
2. Erase--The target is scanned repetitively to bring it to a uniform potential of -7.6 volts.
3. Exposure--With the scanning beam off, the voltage on the focus electrode of the intensifier stage is adjusted to allow photoelectrons to strike the target. At the same time, the Xray shutter is opened. During this period, each incident X-ray produces several thousand carriers in the target, each of which partially discharges target diodes.
4. Readout--The scanning beam is stepped magnetically to each picture element (pixel), where the charge needed to bring the target to a potential of -8.0 volts is measured. This quantity gives the total dose in that pixel (plus a constant offset).
The difference in the potentials used in steps (2) and (4) guarantees that some charge lands in each picture element, giving a very linear response at all exposure levels. Each frame as described above is normally followed by a frame with no exposure to establish a background level for each pixel.
A second method of read-out is provided for specimen alignment. In this "fast mode" the target is scanned continuously and the signal from the vidicon drives the z-axis of an oscilloscope. This method has poorer sensitivity than the normal scan and no quantitative data are available, but it gives an excellent real-time display of the incident X-ray pattern.
For short times the detective quantum efficiency of the SIT detector depends only on the size of the area being measured and the total dose in that area. The DQE for a singleframereadout for 3 different areas is shown in Fig. 4 . For doses above 100 X-rays in an area, the DQE approach unity. The curves end at the dose which entirely discharges that area on the target, saturating the detector locally. This limits the dynamic range of the device. The curves bend over at high doses due to a residual "small-scale coherent noise."
This effect, called "misregistration noise"'1is inherent in the electron beam readout process and limits the accuracy of intensity measurement in a single frame to about 0.5%.
For longer exposure times, the temperature of the silicon target becomes an important factor in determining the noise and dynamic range of the system. The target diodes discharge in the absence of any input due to thermally generated electron-hole pairs. As used in Hamburg, the camera enclosure was cooled thermoelectrically to -15 C and the target discharge rate was 15% of saturation per minute. The cooling is now being modified to lower the target temperature and a rate of 3% of saturation per minute should be possible. Light from the vidicon filament reaching the target also contributes to the discharge rate, but the filament can be turned off for long exposures. Another source of discharge is dark current from the photocathode, but this contribution is reduced by using the internal gating electrode. The most troublesome effect of the unwanted discharge is to increase the average output level, which increases the misregistration noise and decreases the DQE at low doses.
A second important characteristic of an area detector is its spatial resolution. This is often specified by giving the limiting resolution, or better, by stating the modulation transfer function (MTF) as a function of spatial frequency. In the X-ray regime, it is far easier to measure and interpret a function closely related to MTF, the point spread function (PSF). Fig. 5 shows both the PSF and the MTF of the SIT system, measured by exciting a very small area of the phsophor. Most of the loss of resolution is due to the phosphor screen, but the vidicon read-out beam also contributes. It is possible to distinguish about 100 points across the 40mm diameter active area. This resolution has proved adequate for studying low-angle diffraction from muscles and membranes.
The electron optics of the SIT tube and yoke are extremely accurate. Distortion of the diffraction pattern is measured to be less than 0.5 pixel, so no correction for spatial distortion is necessary. The uniformity of sensitivity is not as good. It varies by about 30% over the face of the tube but is stable and independent of dose, so its effect on intensity data is easy to compute. An Fe55 source placed 10cm from the phosphor was used to produce a uniform field of excitation which was recorded and used to correct data frames.
Applications
The SIT X-ray detector and the X-ray beam from DORIS were used during Spring 1977, to collect diffraction data from various kinds of muscle. In a typical experiment a frog skeletal muscle was placed in cold, oxygenated Ringers solution and held at a constant length. It was stimulated electrically ten times, waiting 15 seconds between stimuli for the muscle to recover. During each twitch of the muscle the X-ray beam shutter was opened for a particular 150 millisecond time period. Typical results are shown in Fig. 6 . Each of these pictures displays data from a different phase of contraction and has a total X-ray exposure of 1.5 seconds. Over 200 diffraction patterns like these were recorded and are now being analyzed.
Future developments
One major problem remains with the application of this detector to rapid diffraction studies: the intrinsic time resolution of the system is poor. The target must be prepared and read out for each exposure. The preparation takes about 6 seconds; the read-out requires about 7 seconds. These times could be reduced substantially (e.g. 0.5 seconds prepare and 1 second readout) by using more elaborate electronics in the detector, but the recording of many time slices one after the other is impossible. It has been necessary to use X-ray and internal shutters to provide time resolution and to repeat an experiment for each time-sliced required. If only a few slices are needed and one has a high intensity source, this approach is quite feasible, but one could markedly simplify data collection by providing intrinsic time resolution.
A simple means has been devised to add this capability to the present system. The concept of "sweep operation" is shown schematically in Fig. 7 A most attractive feature of this approach is that there is no limit to the time resolution available. If the phosphor had the time resolution and sufficient Xray intensity were available, patterns could be resolved in the nanosecond time range using commercially available sweep tubes.13 One major difficulty with using "long thin" detectors for diffraction studies is accurate placement of the detector in the pattern. This is normally a trial and error process. With this system, alignment is straightforward; the detector is operated in its normal mode, slits are brought in to mask all but the desired region, and then time-resolved data are taken.
The SIT vidicon was chosen in 1976 as the best available integrating detector for this system. Even now it remains the only commercially available device that has adequate performance, but it is being rapidly overtaken by new charge coupled device imagers. There is great interest in the use of CCD imagers for direct14 or indirect X-ray detection. The major advantages of the CCD over the SIT vidicon are low readout noise and a low level of "small-scale coherent noise".15 The major disadvantages for direct X-ray detection are radiation damage and the small area of the CCD. In spite of these problems, the next major step in analog type X-ray detection systems will probably be the incorporation of a charge coupled device imager as the main recording element. 
